Abstract -Surface graphene guides were interfaced with an array of individual semiconductor quantum dots, whose position was commensurate with the optical guide modes. The surface guide served as a channel for a Field Effect Transistor (FET) while the dots were placed within the capacitor formed between the graphene channel and the gate electrode. We report on negative differential photo-related conductance under light and a diminishing fluorescence effect as a function of bias. We suggest that the quenched fluorescence may be hindered, to some degree, by incorporating the QD in a resonator, which is tuned to the emission wavelength.
Graphene [1], a mono, or a few layers of graphite, has attracted a vast interest recently [2, 3] . Early on, field effect transistors (FET) demonstrated its unique electrical properties [4] . One may also expect unique electrical effects when the graphene (or graphene oxide, GO) is interfaced with semiconductor quantum dots (QDs) [5] [6] [7] [8] or with dyes [9] [10] [11] [12] . In those experiments, the fluorophores were placed on top of the graphene substrates, contrary to the present design.
Graphene quenched the fluorescence and recent interpretations attributed it to a physical transfer of electrons from the fluorophores to the graphene [7, 9] , similarly to donor doping in semiconductors. Somewhat in support of that notion was given in [8] ; the fluorescence quenching hindered as the distance between QD and GO increased. Similar to SWCNT, the mobility of a graphene coated with an optically sensitive film ought to depend on the mobility of carriers in the film as well [13] . We note that: (a) the photo-induced transport as a function of light intensity involves the entire graphene channel and (b) the channel characteristics nearby the QD is more local and may directly affect the fluorescence process [14] . A different point of view was given in [15] ; the energy transfer between the QD and graphene is attributed to FRET (frequency resonance energy transfer which is enabled through screening by the graphene). The problem is that near the Dirac point such screening is linearly diminishing [16] and the screening, if exists, should be non-linear and depending on the amount of charge placed within a small distance away from the graphene [17, 18] . While not directly related to the quenching mechanism(s), we set here to investigate the effect of bias on the photo-conductivity and fluorescence of individual QD when placed within the gate-channel capacitor.
Electrical properties of graphene on periodic and porous substrates, such as anodized aluminum oxide were studied in the past [19] [20] . It was found that the periodic holes array may accentuate the Raman spectra of the graphene lines and led to the realization of the first visible surface plasmon laser [21] [22] [23] ; there, one takes advantage of simultaneous resonating plasmon/polariton modes at both the pump and at the emission frequencies. Here we go one step further and focus on the electro-optical and photoluminescence as a function of the device bias; by suppressing the coupling between the pump laser radiation and its related propagating surface modes we concentrate on only the emission radiation. Additionally, since the graphene is partially suspended over the substrate pores, the characteristic parameter e 2 /(ħvF)>1 with , the dielectric constant of the vacuum [17] . Finally, the absorption of graphene (~2.3% per layer) is comparable to the absorption of monolayer of CdSe/ZnS QD (the linear absorption coefficient of QD is A~10 5 /cm and a typical dot diameter is D=3 nm. If we assume that the absorption behaves as [1-exp(A*L)]~A*L, then the absorption of a QD monolayer is ~3%).
At visible and near-IR wavelengths, graphene acts as a lossy dielectric [24] . Since the graphene is atomically thin, we were able to realize a surface guide, sandwiched between two lower dielectric media: air/polymer on the top and silica/alumina at its bottom. At the same time, the graphene's conductivity may be tuned by biasing. This enabled us studying the effect of varying conductivity on the optically induced current and on the related QD photoluminescence. The array of pores in the anodized aluminum oxide layer provided us with yet another advantage. Surface modes decay exponentially away from the thin guide and, hence are concentrated at the guide surface (and toward the QDs). The periodic pattern of pores enabled coupling between the free space radiation and the propagating surface modes. If properly designed, the array of pores may facilitate standing surface modes for a strong coupling between electromagnetic radiation and QDs [25] . 4 The schematic of the FET and an SEM picture of the porous substrate are shown in Fig. 1 25 m 2 spot. The sample was tilted and rotated to produce optimal coupling with the surface modes as in [22] . We note that the background current in Fig. 2a has been elevated; it is a combination of channel doping and varying channel mobility near the Dirac point. Away from the Dirac point, say at Vgs=0 V where the conductivity is almost solely controlled by the charge density and less by the nonlinear channel mobility this is translated to a charge increase of (7x10 -9 A)/(1.6x10 -19 A)→4.4x10 10 /cm 2 (since our sample area was 1 cm 2 ). This is approximately the number of . This is the number of excited carriers and at least for graphene, is larger than the saturation density at ~10 13 cm -2 [29] and not that far from the saturation of SWCNT [30] . At large white light intensities, the photo-current decreased and became saturated (see SI section). All of these suggest that the channel photo-conductance and its carrier concentration is not solely dependent on the behavior of the QD but also on the photo-conductivity of the graphene itself.
Coupling to surface modes: The electromagnetic surface modes were bound on one side by the low index of perforated alumina/SiO2 layer (nAl2O3/SiO2~2) at the sample's bottom, and a 250 nm polymer/air layer from the sample's top (nair~1.15). An approximation for the refractive index of graphene may be taken as, ngraphene~2.6-1.3i [24] ). The electromagnetic radiation may be efficiently coupled with a surface mode when the wavevector of either the incident, or the scattered (or both) waves are at resonance with the wavevector of the perforated substrate [16] . Since the array pitch is smaller than the wavelength, a surface mode may become a standing wave, as well.
The positions of the QDs are in-phase with the standing electromagnetic surface modes, resulting in an enhanced luminescence effect (Fig. 3) .
The optimal launching conditions for a surface mode (or its interrogation) is achieved by a small tilt and in-plane rotation of the perforated substrate with respect to the p-polarized incident beam (The incident beam was polarized such that it had a polarization component perpendicularly to the 8 sample's surface, or, consequently within the plane of incidence). Note that the array pitch is much smaller than the propagating wavelength and a bound surface mode is utilizing every other or even larger number of hole-planes. The tilt angle θ may be computed similarly to [24] as,
Here, λ0, is the incident or emitted wavelength, a, is the pitch for the holes array (a~100 nm), q1
and q2 are sub-integers (e.g., 1/3) representing the ratio between the array pitch and the propagating wavelength.
First we note that the equation cannot be fulfilled for the pump wavelength of 532 nm and neff~2.2 (which takes into account the refractive index of the graphene on the perforated alumina).
Therefore, the peaks in is given in the SI section: the linewidth of the emitted radiation is seen to be clearly broaden and shifted at resonance conditions.
As a reference experiment, we measured QDs on a flat glass slide (not shown). Unlike Fig. 3 , the FL signal decreased monotonically as a function of the tilt angle: while the flat substrate is tilted, the illuminated area is increased and the intensity per area is decreased as cos(), leading to reduction in the overall FL signal. Dependence on Vgs: From Fig. 3 it is clear that the graphene channel became even more n-type under uniform laser illumination at low laser intensity; the Dirac point has further shifted towards the negative Vgs values. This could suggest that actual transfer of carriers from the QD 'doped' the graphene. We note though that a positive gate bias polarizes the excited electrons in the QD away from the surface and hence the probability of electron tunneling (as opposed to hole tunneling) is substantially reduced. If at all, the graphene would have been p-doped [6] .
When considering a dipole, such as the QD near the graphene channel, the key parameter is the ratio between the QD's diameter, d0, to the distance of its surface from the graphene channel, dB. The effect of leakage current has been assessed; it has been found that Ids as a function of Vgs in the range of [-5,5 ] V at Vds0 V was at least a factor of 10 smaller (or on the order of 0.1 nA) than the current level at Vds0.01 V (which was on the order of nA).
In summary, by using graphene as an optical and electrical surface guide in an FET construction, and by coupling the graphene channels with commensurate, yet individual quantum semiconductor 
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Photo-current: The Ids-Vgs curve for QDs interfaced graphene channels under uniform white light illumination and under dark conditions is shown in Fig. S1 . Typically, a minimum in the Ids-Vgs curve (Fig. 2b) signifies the condition where the Fermi level of the graphene is situated at the Dirac point (the conduction band is empty while the valence band is full, at zero temperature). Here, the QDs are partially excited at room temperature and the resulting gate effect makes the graphene channel more of an n-type at Vgs0 V. Illumination by a laser, or white light resulted in a Dirac point shifting towards the negative Vgs values (namely, the channel becomes even more of n-type at Vgs=0). graphene and QD, b is the barrier height, VVds(x)Vg (the negative sign for Vg is due to the gate effect at the graphene surface) and e is the electronic charge. Overall, tunneling negates the effect of charge polarization at the QD which is contrary to our experiments. Fig. S3 . A circuit model that illustrates the various effects on the graphene channel. The source, Vs is typically grounded. Cg is the capacitor between the gate and the graphene channel; as the gate bias becomes more positive, the graphene guide becomes more negative (or more n-doped). CQD is the equivalent dot capacitor (whose polarization negates that of the Cg) and RQD is the equivalent dot resistor (which is quite large). Rbarrier is the resistance between the dot and the graphene channel.
The effect of bias on the thicker oxide is shown in Fig. S4 . Finally, we studied the FL as a function of Vgs at two tilt angles (namely, at on-and off-resonance with respect to the hole-array). At off-resonance, the FL exhibited a monotonous decline of overall 5% as a function of Vgs, whereas it was flat at resonance conditions. Similar trend was found for FL vs Vds at Vgs5 (close to the negative photo conductance identified in Fig. 2a,b) . 
